We discuss a possible scale of gravitational origin at around 10 MeV, or 10 −12 cm, arisen in the MacDowell-Mansouri formalism of gravity due to the topological Gauss-Bonnet term in the action, pointed out by Bjorken several years ago. A length scale of the same size emerges also in the Kodama solution to gravity, which is known to be closely related to the MacDowell-Mansouri formulation. We particularly draw attention to the intriguing incident that existence of six compact extra dimensions originated from TeV-scale quantum gravity as well points to a length scale of 10 −12 cm, as the compactification scale. The presence of six such extra dimensions is also in remarkable consistency with the MacDowell-Mansouri formalism. In addition, we entertain the idea that a combination of the "Bjorken-Zeldovich scale" and the TeV-scale,
Introduction
Bjorken points out in Ref. [1] that the MacDowellMansouri (MM) formulation of gravity [2] naturally reveals an induced scale of ∼ 10 MeV, or ∼ 10 −12 cm, which he names after Zeldovich, inspired by Zeldovich's seminal papers [3, 4] . The MM formulation unifies the tetrad and spin connection of the first order EinsteinCartan formalism, which take values in SO (3, 1) , into a grand connection that lives in SO(4, 1). The resulting action, through breaking the SO(4, 1) symmetry down to the SO(3, 1), yields the usual Einstein-Hilbert term, a cosmological constant, and the Gauss-Bonnet (GB) term, which is topological in four dimensions [5] [6] [7] .
Intriguingly, a length scale of 10 −12 cm, as noted in Ref. [8] , is also encountered in the context of so-called the Kodama wavefunction of gravity [9] [10] [11] [12] [13] , analogous to the Chern-Simons solution in Yang-Mills theory in four dimensions, which is also an important element in Loop Quantum Gravity [14, 15] . Actually, there is known to be a connection between the inner product of Kodama states and the MM formalism; Ref. [13] points out that the topological terms arisen in the the MM action and the inner product are the same.
Bjorken, additionally, suggests six extra spatial dimensions, assumed to be compactified on this induced scale of 10 −12 cm, simply to account for the large factor * Email address: ufuk.aydemir@physics.uu.se multiplying the MM action [1] ; ∼ 10 120 , which, quite remarkably, also happens to be the infamous number often encountered in the cosmological constant problem [16] [17] [18] [19] .
In this paper, we emphasize that the TeV-scale quantum gravity picture with large extra dimensions (LED) [20] [21] [22] [23] [24] [25] [26] naturally reveals a scale of 10 −12 cm as the compactification scale, provided that the number of extra spatial dimensions is set to six, with no need for an adhoc assumption of the corresponding length scale. In order to be consistent with the known physics up to the TeV-scale, we adopt the well-known approach that only the graviton is allowed to propagate throughout the bulk experiencing the extra dimensions, while the SM fields are localized to the usual 4 dimensions. This, in this scenario, would introduce a deviation in the gravitational interactions on scales smaller than 10 −12 cm; the gravitational interaction has so far been tested down to the scale of 0.01 cm [27] .
Moreover, we notice a combination of the "BjorkenZeldovich (BZ) scale" and the TeV scale, M 3 BZ /M 2 EW ∼ 10 −3 eV, which is in the order of the observed vacuum energy density in the present universe and in the ballpark of the anticipated neutrino masses [28, 29] . Although it is most likely a coincidence, we present several toy models which illustrate its possible role as some sort of a see-saw-type suppression in obtaining the neutrino mass and the cosmological constant.
We also comment on possible other implications in cosmology. This scale is considerably close to 1 − 2 MeV below which the weak interactions freeze out, leading to Big Bang Nucleosynthesis (BBN). Premised on our current understanding of BBN, it is in general supposed that any deviation from the known radiation density around the decoupling temperature would change the time scale associated with BBN, and it is thus tightly constrained from the observations on the primordial abundances of light elements [30] [31] [32] .
In consequence, we find it quite curious that there are a number of "coincidences" regarding a scale of 10 MeV; perhaps too many to be ignored. Recently, Atomki group in Hungary has reported an anomaly in the 8 Be nuclear decay by internal e + e − formation at an invariant mass m ee ∼ = 17 MeV, with a statistical significance of 6.8σ [33] 1 . The observation has ignited interest in the high energy physics community to suggest explanations some of which consider a hidden sector at around this energy scale whose effects have so far remained unnoticed [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Although a relation to the MM-LED context is not immediate, this possibility deserves attention.
The MacDowell-Mansouri formalism and the Bjorken -Zeldovich scale
Bjorken, in Ref. [1] , discusses how a scale of ∼ 10 MeV is induced in the MacDowell-Mansouri formalism through the Gauss-Bonnet (GB) topological term arisen naturally in the formalism in addition to the usual Einstein-Hilbert action and a cosmological constant term.
The SO(3, 1) MM action, obtained through breaking the SO(4, 1) symmetry, is given as [1, 2, [5] [6] [7] 
where the symbols denote Levi-Civita tensors, F 1 See also Refs. [34] [35] [36] [37] [38] [39] [40] [41] [42] for the previous studies relevant to this observation.
The action in Eq. (1) yields
where the cosmological constant Λ = 3H 2 0 as it ought to be, and the first two terms are the GB and the EinsteinHilbert terms, respectively. The GB term can be written in the more familiar form as
Notice the factor ∼ 10 120 in front of the GB term in Eq. (2), also multiplying the total MM action in Eq. (1), which happens to be the infamous number in the cosmological constant problem (
120 ). The possible role of this factor of the MM action in the resolution of the cosmological constant problem has not been demonstrated yet, to the best of our knowledge.
In the Friedmann-Robertson-Walker (FRW) background, where
the GB term in Eq. (2) becomes
where V (0) is given through time dependent volume of region of interest dominated by dark energy, V (t) = V (0)a 3 = V (0)e 3H0t . Since in the semiclassical approximation the action is just the phase of the wavefunction, and for a topological term like the GB term the phase takes values in units of 2π, we can write the total amount of the action contributed by the GB term at time t , from Eq. (5), as
Then, some sort of number density can be defined as
which is time independent for the cosmological constant dominated space. Bjorken uses the term "darkness" for the quantity N (t); we prefer to use the "Gauss-Bonnet number".
Once we put in the numerical factors, the BjorkenZeldovich scale yields
Λ BZ appears to be the scale up to which the MM formalism is valid. Next, we will see how a length scale of the same size comes about as the compactification scale of six extra dimensions originated from TeV-scale gaugegravity unification. Considering this as the picture above Λ BZ , N (t) can be interpreted as an effective quantity, revealed below Λ BZ upon integrated-over extra dimensions. This scenario, as we will see, accurately explains the factor 10 120 in the MM action, as well.
Bjorken-Zeldovich scale from large extra dimensions
In this section, we draw attention to an interesting incident regarding the onset of the scale of 10 −12 cm from six compact extra (spatial) dimensions originated from TeV-scale gauge-gravity unification. If one imposes gaugegravity unification at the TeV scale, the weakness of gravitational interactions can be explained via the existence of compact extra dimensions, large compared to the (inverse) TeV-scale [20] [21] [22] [23] [24] [25] [26] .
For two test objects placed within a distance r R, the gravitational potential is given as
where M U is the unification scale of gauge and gravitational interactions, and R is the compactification scale of the extra dimensions. Imposing the requirement to get the right (reduced) Planck mass through the identification M n+2 U R n = M 2 P l , and assuming M U ∼ 1 TeV, we obtain
where l U and l P are corresponding length scales for the TeV-scale and (reduced) Planck masses, respectively. As can be seen in Eq. (10), for n=6, we have
a remarkable agreement with the Bjorken-Zeldovich length scale, given in Eq. (8), revealed in the MacDowell-Mansouri formalism, discussed previously. Existence of six extra spatial dimensions compactified on a scale of 10 −12 cm, regardless of their origin, can also be incorporated into the MM framework. This, as also noted in Ref. [1] , could explain the factor
multiplying both the MM action given in Eq. (1) and the GB term in the action given in Eq. (2). Extending the internal symmetry of the general MM action from SO(4, 1) to SO(10, 1), and breaking the symmetry down to SO(9, 1), in analogy with Eq. (1), the action symbolically becomes
where we suppress the complete version of the tensors, and the indices run over ten values instead of original four. We expect F to take a value around the order of the (square of the) energy scale that sets the strength for the effective 4 dimensional gravity, i.e. the (reduced) Planck mass square,
in the context of large extra dimensions picture discussed above). On the other hand, each integrated-over extra dimension contributes a factor in the order of the corresponding length scale, i.e. dy ∼ l BZ . Therefore,
which accurately accounts for the factor 10 120 in the MM action given in Eq. (1).
In the case of the MM formalism with extra dimensions with a compactification size of l BZ ≡ 10 −12 cm, N (t) is an effective quantity arisen only when the extra dimensions are integrated over. Therefore, at distances smaller than l BZ , or at energies above Λ BZ , the expression for n(t), given Eq. (7), which yields the BZ scale, is not well-defined. In other words, in this picture the MM description in 4 dimensions is valid up to Λ BZ , and beyond that we have the 10 dimensional picture. Since the GB term is topological in 4D, there is no deviation from the usual Einstein-Hilbert gravity below Λ BZ . On the other hand, above Λ BZ , the only modification is in the effective gravitational interaction (at distances smaller than 10 −12 cm), since in this scenario only graviton and possibly other gravitational degrees of freedoms experience the extra dimensions but not the known (SM) fields.
Since we take M U ∼ 1 TeV and the LHC has not observed anything new at around this energy scale, one wonders then how robust is the numerical agreement, given in Eq. (11), against the choice of M U . As can be seen in Eq. (10), the outcome is quite sensitive against the value of M U . If, for instance, we take M U ∼ 5 TeV, there is a factor of order of ∼10 difference between two resultant length scales such that R ∼ = 0.12 × 10 −12 cm ∼ d proton . For M U ∼ 10 TeV, we have R ∼ = 0.05 × 10 −12 cm. The current upper bound for the size of such extra dimensions, through the deviation in the effective gravitational interaction, is 0.01 cm [27] .
A "see-saw" relation for the small cosmological constant
In the effort to understand the smallness of the cosmological constant, several numerical relations among the energy scales have been noticed (or proposed) in the literature that mimic a see-saw-type suppression mechanism [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] .
In the case of the existence of an energy scale of ∼ 10 MeV, the relevant combination we notice is
where M EW ∼ 1 TeV. It is not straightforward to devise a realistic model yielding such a relation, since this requires a contribution in the amount of M
12
BZ /M 8 EW in Lagrangian. Nevertheless, this type of terms in the context of vacuum energy density contributions may be obtained in models where the cosmological constant problem is addressed by entertaining the possibility that the universe may be stuck in a false vacuum, split from the vanishing global vacuum in the amount of the cosmological constant [70, 78] .
For instance, consider N real scalar fields φ i which transform under the discrete group G D = S N ⊗ Z. S N is the permutation group, while Z applies the operation (φ i → −φ i , φ j → −φ j , φ n → φ n ) where i = j, n = i, j, and i = 1, ..., N . The renormalizable potential consistent with these symmetries,
in which m 2 , λ 1 , λ 2 > 0, automatically exhibits an obvious "accidental" symmetry under (φ i → −φ i , φ n → φ n ), where i = n [78] . The latter symmetry, as we will see below, can be broken by higher order operators while the G D symmetry is kept intact. The system has two sets of global vacua associated with the vacuum expectations values φ i = ±m/ √ 2N λ 1 ≡ ±v φ . Note that in this kind of scenarios it is generally just assumed that the system's global minimum is enforced to be vanishing by a yet-toknown mechanism, i.e. V 0 (±v φi ) = 0. In this toy example, each of the two sets of global minima consists of 2 N −1 vacua, which are degenerate among themselves due to the exact G D symmetry, while these two sets are degenerate to each other thanks to the accidental symmetry. The latter degeneracy between these two sets can be lifted by an operator added as a perturbation to the original potential. The potential with the first higher order operator that is consistent with the exact G D symmetry yet breaks the accidental symmetry is
where (· · · ) denotes the rest of the terms up to the required order. Note that we maintain the idea from the previous section that M EW is the most fundamental scale of Nature. The example here could be trivially incorporated in the extra dimensional picture as long as the scalars here are assumed to be localized to the usual 4 dimensions. For a system with N = 12 and φ i ∼ M BZ , we obtain the desired result that the false vacuum is split from the vanishing true vacuum in the amount of M
BZ /M 8 EW . Note that the other, symmetric, terms in the effective potential introduce small oscillations around the either minimum and they are unlikely to be large enough to leap the system over the barrier separating the false and true vacua. Therefore, assuming the universe is in the false vacuum with E = ρ 1/4 Λ , then the only way for a transition to the vanishing true vacuum is barrier penetration by quantum tunnelling.
At this point then, the next issue to address is the stability of the system in the false vacuum [79] [80] [81] . In order for a bubble of the true vacuum within the the false vacuum to be energetically favourable to expand after nucleation, instead of shrinking away, it is required that dE bubble /dR < 0. The energy of the bubble is given as
where
BZ is the surface tension. The critical radius can be found via dE bubble /dR = 0 as
which means that for a bubble in a cosmological constant dominated false vacuum to nucleate and grow, it must be formed with the size of the observable universe, or larger. Therefore, the decay of the vacuum, and hence the stability, in such a scenario is not an issue for concern, which is generally the case in similar scenarios [78] .
Small neutrino mass via a see-saw type mechanism at the BZ scale
When a new scale is under discussion, one of the questions that comes to mind is the possibility of a (some sort of) see-saw mechanism which utilizes a relevant combination of the scales in the theory to explain the smallness of the neutrino mass. The relation
−3 eV is intriguing from this point of view as well, since it is in the vicinity of (at least one of the) the neutrino masses. Next, we will work on a hypothetical scenario just as an illustration of obtaining this combination in an example.
Consider a hidden sector with a QCD-like gauge interaction, where the symmetry group is G h ≡ SU (N ). Besides the corresponding gauge bosons, consider a complex scalar field φ and a Dirac fermion F (for each family), both of which transform in some representation of G h , while the latter does so vectorially (non-chirally). We assume that F has a confining scale of order 10 MeV and the SM fields are not charged under G h . The SM connects to the hidden sector through a portal coupling between the Higgs and the scalar φ. We also assume a discreteZ 2 symmetry that transforms F , φ, and the neutrinos in the following way.
, and φ → +φ. Therefore, there are no mass (or Yukawa-type) terms allowed at the tree level. However, a mass term can be induced through the effective operator
where we assume that a condensate forms at ∼ M BZ that breaks theZ 2 symmetry,
Note also that φ = 0; so, the SU (N ) symmetry remains unbroken. Then, the effective neutrino mass in this scenario becomes
provided that c ν a 3 10. One problem with our toy model above might be the following. The idea that condensates may give masses to particles in this way is questionable in general because of confinement. For instance, it is argued in Refs. [82] [83] [84] [85] that the QCD condensates have spatial support within hadrons and do not extend throughout the whole space. 2 We also note that in the context of large extra dimensions as well, the small neutrino mass can be obtained with a see-saw-like mechanism provided that the SM singlet right handed neutrino v R , unlike the SM fields including the left handed neutrino v L , is not confined in the 3-brane but instead lives in the bulk experiencing the extra dimensions [88, 89] . The suppression of the Dirac mass m D , in this picture, is given as in
for a general Z N orbifold on which n extra dimensions are compactified. For instance, for n = 6 on a Z 2 orbifold, with the quantum gravity scale of M U ∼ 1 TeV and hence R = l BZ ∼ 10 −12 cm, the physical neutrino mass is obtained as
For m D ∼ 1 TeV, for example, m ν ∼ 10 −4 eV.
More on the relevance in cosmology
A scale around 10 MeV might be relevant also in terms of the thermal history of the universe. It is an energy scale considerably close to T ∼ 1−2 MeV below which the weak interactions freeze out; the reaction rate Γ ∼ G 2 F T 5 drops below the expansion rate H ∼ √ g * T 2 /M P l , where g * is given as g * = g b + (7/8)g f and g b (g f ) denotes the total number of the effective bosonic (fermionic) degrees of freedom at around the background temperature T . Consequently, primordial neutrinos and possibly cold dark matter -if it exists-decouple from the rest of the matter, and the ratio of neutrons to protons freezes out. Any increase from the known radiation density would bring forward the Big Bang Nucleosynthesis (BBN) and hence would cause a larger Helium abundance in the present universe [30] [31] [32] . Therefore, if there is some unrevealed physics associated with such a scale of 10 MeV, there may have direct implications on our understanding of BBN, which is consistent with the current observations on the primordial abundances of light elements.
Since the effective MM action in 4D reveals the Einstein gravity with a cosmological constant and the GaussBonnet term that does not have any effects in the equations of motion in 4D, the formalism at first sight only defines the graviton. This seemingly does not cause any problem in terms BBN since the gravitational interaction rate, as well known, is significantly suppressed compared to the expansion rate, i.e. Γ ∼ G living in SO(4, 1) has 40 components. As also mentioned in Ref. [1] , one may wonder whether some of these degrees of freedom can be identified with the (bosonic) degrees of freedom of the SM 3 . Then, several leftover terms may possibly define additional light degrees of freedom. One may expect at first that the relevant interactions are supposed to be suppressed, similar to the case with gravitons. However, one should not forget the enormous factor of 10 120 multiplying the action in 4D, possibly arisen due to the integrated over extra dimensions. If such identifications related to the SM are possible, then it is probably because of this large factor, and the same factor may amplify some interactions regarding these new light degrees of freedom, making them interact frequently enough to be in equilibrium at T ∼ 1 MeV. Then, the model would be in tension with the constraints coming from BBN.
A comment is in order on GB number density in the MM framework, n(t), earlier (than 1/Λ BZ ) in the thermal history when the universe is dominated by radiation. Bjorken, in Ref. [1] , interprets the energy where GB number density is Planckian, i.e. n(t) ∼ M 3 P l , as the cut-off for the MM description above which some modification is necessary. By using the time dependent expression, given in Eq. (7), and the equations
which follow from the first FRW equation and the StefanBoltzmann law for species in thermal equilibrium, respectively, it is found that this critical energy turns out to be T c ∼ = 60 MeV ∼ =∼ 6Λ BZ when only the known-relevant relativistic degrees of freedom are active, i.e. g * = 43/4. However, we note that this interpretation may only be valid if we do not admit extra dimensions in the framework, as we discussed previously. This is because at distances smaller than the BZ length 10 −12 cm, or at energies above BZ energy 10 MeV, the expression for n(t), given Eq. (7) is not well-defined. Note also that although above 10 MeV additional gravitational degrees of freedom may arise due to the large internal group, SO(10, 1), of the theory with 6 extra dimensions, the corresponding interactions are expected to be suppressed, as in the case with gravitons, and not to have noticeable effects on the energy density. Recall that the factor 10 120 , which may amplify the couplings, appears only when the theory is integrated over the extra dimensions.
Outlook and Discussions
In this paper, we aim to bring into attention the possibility of a gravitational scale at around ∼ 10 MeV, or 10 −12 cm, induced in the MacDowell-Mansouri (MM) extension to the Einstein-Cartan formalism in 4D, due to the topological Gauss-Bonnet term in the action, as suggested by Bjorken [1] .
First; we point out that a scale of exactly the same size, 10 −12 cm, naturally comes about in the context of large extra dimensions, originated from TeV-scale quantum gravity, as the compactification scale, if the number of extra spatial dimensions is set to six. Apparently, these two approaches can be combined, where the 4-dimensional MM formalism is the effective theory after the six extra dimensions are integrated over, which also explains the factor 10 120 in the MM action. Second ; we discuss that existence of such a scale may play a role in the smallness of the cosmological constant and the neutrino mass. Note that we do not claim in this paper that these two aspects are directly related. Rather, the main intention of this paper should be taken as an attempt to point out several coincidences regarding a scale at around 10 MeV; the possibility that they are non-accidental deserves attention.
We note that if Nature contains extra dimensions with a compactification scale of 10 −12 cm, it raises the question why no Kaluza-Klein excitations with masses with a starting value of 10 MeV have been observed so far. Apparently, in order for this scenario to be justifiable a mechanism is required that suppresses the Kaluza-Klein modes. Note also that existence of six compact extra dimensions is quite familiar also from the string theory perspective [103] [104] [105] .
If the Bjorken-Zeldovich scale is associated with the gravitational sector only, it is conceivable that it has not been uncovered yet. In fact, for a possible extra-dimension connection where the effects are experienced only through gravity, it is necessary to probe the effective gravitational interaction at distance scales smaller than 10 −12 cm, which is far from being reached at present [27] .
A scale about 10 MeV might also be relevant in the context of the origin of the fermion masses in the Standard Model. The Standard Model does not predict the values of the fermion masses, which span a wide range from the mass of the electron to that of the top quark (the extreme suppression of the neutrino masses, on the other hand, hints that the mass generation mechanism for the neutrinos is different than the usual, such as the see-saw mechanism [106] [107] [108] [109] ). Curiously, the values of the quark masses do not seem to be that random, but in a way hierarchal. Most of them appear to be around one energy scale, or another, of a some sort of phase transition. The top mass (∼ 173 GeV) is right at the electroweak scale; the charm and bottom quark masses are at ∼ 1.5 − 4 GeV, where the quark and gluon structure of QCD become apparent [110] , and below where the strongly interacting regime begins; finally, the mass of the strange quark (∼ 100 MeV) is right around the Λ QCD , where the chiral phase transition takes place [111] . The only type of quarks whose masses are not quite around the energy scale of a known phase transition are the up and down quarks, which are, among the quarks, the only constituents of the known matter. Interestingly, their mass range, ∼ 2 − 5 MeV, is just at the BjorkenZeldovich scale of the gravitational topological vacuum. Besides, the fact that this possible topological vacuum is, logarithmically speaking, near the scale of QCD, which itself has a rich topological vacuum structure, makes this discussion even more intriguing [1, [73] [74] [75] 112] .
Finally; such a topological vacuum might also be related to the dark matter problem. Although the common assumption is that the dark matter is some sort of a locally interacting matter with unusual characteristics compared to the known matter 4 , alternative approaches are not uncommon [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] . In a topological environment, where extensive structures are expected to form, the dark matter problem may be resolved in a way that does not reside in the conventional wisdom of local quantum field theories.
